Purpose: The TroVax Renal Immunotherapy Survival Trial was a randomized, placebo-controlled phase III study that investigated whether modified vaccinia Ankara encoding the tumor antigen 5T4 (MVA-5T4) prolonged survival of patients receiving first-line standard-of-care (SOC) treatment for metastatic renal cell cancer.
Renal cell carcinoma (RCC) represents 5% of epithelial cancers diagnosed annually in the United States, the majority being of clear cell histology (1, 2) . Approximately 20% to 30% of RCC patients present with metastatic disease, which has a poor prognosis. Conventional cytotoxic chemotherapeutic agents and hormonal therapies have little impact on survival, and response rates are usually <10%. Until recently, cytokine therapy using interleukin-2 (IL-2) or interferon-α (IFN-α) was the mainstay of treatment; however, it yielded low response rates of <30% and median survival times of ∼1 year (3) .
However, a better understanding of the mechanisms underlying RCC tumorigenesis has led to the development of new targeted agents. Indeed, the Food and Drug Administration has recently approved sunitinib, sorafenib, temsirolimus, everolimus, pazopanib, and bevacizumab for use against advanced RCC. Despite these advances, the management of metastatic RCC remains a challenge. The ability to add a new therapeutic moiety to an existing therapy without increasing toxicity or reducing efficacy would be valuable. Cancer vaccines offer one possible approach to achieve this goal. Although there have been several failed phase III trials, a number of cancer vaccine/immunotherapy products have shown encouraging data in late-stage clinical studies and the Food and Drug Administration has recently approved the first therapeutic vaccine (Provenge) for the treatment of prostate cancer. Even with this encouraging breakthrough, it is critical that we continue to gain a better understanding of the nature of the efficacious immune response induced by vaccination, determine how best to monitor the response, and, ultimately, learn how to improve upon it.
The attenuated vaccinia virus modified vaccinia Ankara (MVA) has been engineered to deliver the tumor antigen 5T4 (MVA-5T4; TroVax). The 5T4 oncofetal antigen is rarely detected in normal adult tissues but is expressed at high levels in the placenta (4, 5) and in most common tumors, typically >80% of carcinomas of the kidney, breast, colon/ rectum, prostate, and ovary (5, 6) . Recently, a study in renal cancer showed that 5T4 was expressed at high levels in practically all tumors analyzed and expression was retained in metastatic tissues (7) . Importantly, 5T4 is expressed on the cell surface, which makes it a potential target for both T-cell and antibody-mediated effector responses.
MVA-5T4 has been tested in nine phase I/II clinical trials in colorectal, renal, and prostate cancer patients. These studies showed MVA-5T4 to be well tolerated and able to induce 5T4-specific immune responses in most patients. Furthermore, associations between 5T4-specific cellular or humoral responses and clinical benefit were reported in seven of the nine studies (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Here, we report the results of a phase III randomized, double-blind, placebo-controlled study, which investigated whether MVA-5T4 could prolong survival of patients with metastatic RCC.
Patients and Methods

Eligibility criteria
The study population consisted of patients with histologically proven clear cell renal cancer who had undergone
Translational Relevance
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Study design
The TroVax Renal Immunotherapy Survival Trial (ClinicalTrials.gov Identifier: NCT00397345) was a randomized, double-blind, placebo-controlled study that recruited patients at 111 centers in France, Germany, Israel, Poland, Romania, Russia, Spain, United Kingdom, Ukraine, and the United States. The study was approved by the relevant ethics committee or institutional review board and complied with the provisions of the Declaration of Helsinki, Good Clinical Practice guidelines, and the laws and regulations of the country in which the research was conducted. All patients gave full written informed consent before study entry. Subsequently, patients were assigned by their physician to one of the following standard-of-care (SOC) regimens consistent with local practice: (a) s.c. lowdose IL-2 [an initial dose of 250,000 U/kg/dose (with an upper limit of 22 million units/dose) for 5 days out of 7 in week 1 of each cycle followed by 125,000 U/kg/dose (with an upper limit of 11 million units/dose) for 5 days in each of weeks 2 to 6 of each cycle], (b) IFN-α (s.c. injection three times per week on days 1, 3, and 5 of each week and at a dose level that reflected local practice but was targeted between 9 and 18 million IU), or (c) sunitinib (50 mg oral dose taken once daily on a schedule of 4 weeks on treatment and 2 weeks off).
Treatment (MVA-5T4/placebo in a 1:1 ratio) was allocated based on a randomization that was stratified to ensure that the two arms were balanced for SOC, severity of disease (defined by MSKCC score), and geographic location. MVA-5T4 (1 × 10 9 TCID 50 /mL) or placebo was scheduled to be administered by i.m. injection into the deltoid muscle at weeks 1, 3, 6, 9, 13, 17, 21, 25, 33, 41, 49, 57, and 65 ( Supplementary Fig. S1 ). Placebo was produced by undertaking a mock preparation of MVA-5T4 but without the addition of virus. An identical biomanufacturing process was used (minus the virus infection steps), and the final product was formulated in the same mannitol-based formulation buffer. During the course of the study, plasma samples were obtained from patients before treatment and following the third and fourth MVA-5T4/placebo vaccinations (baseline, weeks 7 and 10, respectively) for assessment of MVA and 5T4-specific antibody responses as described previously (12) .
Statistical analysis
The primary efficacy end point was overall survival (OS) in the intent-to-treat (ITT) population. Secondary end points included progression-free survival at week 26 and response rate. The primary safety end point was the incidence of adverse events in the ITT population.
The study had 80% power to detect a hazard ratio in favor of MVA-5T4 of 0.725 using two-sided tests at the 5% level of significance. Time to event analyses were done using the Kaplan-Meier method and Cox proportional hazards (PH) model with two-sided 95% confidence intervals (95% CI) for the medians and hazard ratios (HR) for each end point.
Exploratory analyses
To investigate potential imbalances between treatment arms (MVA-5T4 or placebo), a Cox PH model was fitted adjusting for known prognostic factors. The model was fitted initially by including all known prognostic variables, Research.
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Results
Patient characteristics and disposition
Between October 2006 and March 2008, 733 patients were recruited, of which 732 were included in the ITT population (Fig. 1) . Demographic and other baseline characteristics are summarized by treatment group in Table 1 . Patient characteristics were generally well balanced between MVA-5T4 and placebo arms for SOC (IL-2: 23.8%/22.6%; IFN-α: 51.2%/51.9%; sunitinib: 24.9%/ 25.5%) and good prognosis (MSKCC score 0; 57.8%/ 58.3%).
Safety
Treatment-emergent adverse events (TEAE) were reported for 338 (92.6%) MVA-5T4 patients and 347 (94.8%) placebo patients, whereas the total number of TEAEs was 2,390 and 2,403, respectively. For both treatment groups, most of the TEAEs were of mild/moderate intensity, with only 11.4% of TEAEs in National Cancer Institute Common Toxicity Criteria grades 3 to 5. TEAEs that were life threatening or caused death were 1.7% and 2.0% of the total number reported for MVA-5T4 and placebo patients, respectively.
Serious adverse events were reported for 72 (19.7%) MVA-5T4 patients and 76 (20.8%) placebo patients ( Table 2) . Among the SOC subgroups, the proportion of patients with events was higher in the sunitinib subgroup than in the IL-2 or IFN-α subgroups for all categories except deaths and withdrawals due to TEAEs.
Efficacy results
At the recommendation of the data safety monitoring board, the sponsor terminated the administration of MVA-5T4/placebo to patients in July 2008 because there was little or no prospect of demonstrating a significant survival benefit. However, patient follow-up was continued. At the time of stopping the study drug, median time on study was 6 months and only 5% of patients had received the complete course of injections (n = 13). The median number of MVA-5T4/placebo vaccinations received was 8 for patients treated with IFN-α and IL-2 and 7 for patients treated with sunitinib.
The survival data reported here were collected by active follow-up and censored to March 2009. Follow-on therapies were well balanced by treatment arm [32% placebo Table 2 . Treatment-emergent serious adverse events patients (n = 119) and 29% MVA-5T4 patients (n = 106)], the most common being sorafenib or radiotherapy. However, the incidence of treatment with second-line therapies was higher in patients who received sunitinib (42%) compared with those who received IFN-α (28%) or IL-2 (24%), and similarly in the United States (59%) compared with Eastern (29%) or Western (47%) Europe. At March 2009, median follow-up was 12.9 months and a total of 331 events had occurred, which represented 45.2% (n = 165) of MVA-5T4-treated and 45.2% (n = 166) of placebo-treated patients. Median OS was 20.1 and 19.2 months for MVA-5T4 and placebo-treated patients, respectively ( Fig. 2A ; HR, 1.07; 95% CI, 0.86-1.32; P = 0.55). Treatment and geographic region did not have a statistically significant effect on the risk of death in the ITT population. Analysis of patient subsets classified by prognostic index (MSKCC grade) or SOC showed no significant differences in survival outcome (data not shown). However, patients with a good prognosis (MSKCC 0) and treated with MVA-5T4 plus IL-2 showed a significant survival advantage compared with good-prognosis patients receiving placebo plus IL-2 ( Fig. 2B ; HR, 0.54; 95% CI, 0.30-0.98; P = 0.046). No other prospectively defined strata showed a significant difference in OS.
Computed tomography scans were done at week 26, and complete responses (MVA-5T4, n = 2; placebo, n = 5), partial responses (MVA-5T4, n = 47; placebo, n = 46), or stable disease were observed in 164 (44.9%) MVA-5T4-treated patients and 173 (47.1%) placebotreated patients.
Although the study was not designed or powered to detect differences between SOC treatment groups, it was of interest to compare the survival of patients treated with IFN-α, IL-2, or sunitinib (Table 3) . Placebo patients with a good prognosis (Fig. 3A) and treated with either sunitinib or IFN-α showed comparable survival, both of which were superior to IL-2-treated patients. In contrast, there was no significant difference in the survival of patients who had a good prognosis (Fig. 3B ) and were treated with MVA-5T4 plus sunitinib compared with those receiving IFN-α or IL-2; the median survival has not been reached for any of these three SOC groups.
Analysis of OS in intermediate-prognosis, placebo patients (Fig. 3C) suggested that those receiving sunitinib had a favorable median survival of 18 months compared with 9.2 months for patients treated with IL-2 or 10.6 months for IFN-α. Intermediate-prognosis patients treated with MVA-5T4 plus sunitinib also showed a favorable median survival (not reached; Fig. 3D ) compared with those treated with IL-2 or IFN-α.
Exploratory multivariate analyses
The influence of baseline clinical features and known prognostic risk factors (some of which were not prespecified in the study protocol) on OS was analyzed using a Cox PH model. In developing the Cox model, 10 prognostic variables were selected, in addition to treatment, using a P ≤ 0.1 significance inclusion criterion (SOC, age, body mass index, gender, number of metastatic sites, corrected calcium, hemoglobin, lactate dehydrogenase, alkaline phosphatase, and neutrophils). In total, 702 patients and 313 events were included in the final model (31 patients and 18 events were excluded from the model due to missing hematology data). After adjusting for prognostic factors, the HR for treatment decreased from 1.07 before adjustment to 0.97 ( Fig. 4A ; 95% CI, 0.78-1.22; P = 0.82). The linearity assumption for continuous variables, the PH assumption, and the overall model fit were checked and found to be satisfactory.
Additional exploratory analyses investigated the role of pretreatment hematologic factors on the relative efficacy of MVA-5T4. It was noted that baseline levels of platelets, monocytes, and hemoglobin seemed to affect the relative efficacy of MVA-5T4. Indeed, patients who presented with normal levels of platelets (≤400 × 10 9 /L), monocytes (≤0.80 × 10 9 /L), and hemoglobin (age/gender-specific ranges) had an adjusted HR of 0.72 favoring the MVA-5T4 arm ( Fig. 4B ; 95% CI, 0.48-1.08; P = 0.109). 
Analysis of antibody responses
Antibody responses against 5T4 and MVA were quantified at two posttreatment time points (post third and fourth vaccination). At these snapshots in time, positive MVA and 5T4-specific antibody responses were detected in 96% and 56% of MVA-5T4-treated patients and 5% and 6% of placebo-treated patients, respectively. 5T4 seroconversion rates were higher in MVA-5T4 patients treated with IFN-α than in those treated with IL-2 and sunitinib. There was no difference in seroconversion rate in patients classified as having intermediate or good prognosis (data not shown).
Exploratory analyses were undertaken to determine whether 5T4-specific antibody responses were associated with enhanced patient survival. Two exemplary subgroups of 50 MVA-5T4-treated individuals were constructed using patients showing the greatest increase (>4-fold relative to pretreatment levels) in 5T4 antibody response and patients showing the greatest increase (≥15-fold) in MVA antibody response, respectively, both post fourth vaccination (week 10). Survival estimates for the high 5T4 antibody responding subset compared with placebo patients (who survived until at least week 10; n = 303) are illustrated in Fig. 5A , where it can be seen that the high 5T4 antibody responders showed a favorable survival compared with placebo-treated patients (HR, 0.55; 95% CI, 0.39-0.97). In comparison, the high MVA antibody responding subset did not show a favorable survival compared with placebotreated patients ( Fig. 5B ; HR, 1.30; 95% CI, 0.82-2.12). These figures illustrate the association of high 5T4 antibody response with survival; however, direct comparisons with placebo should be made with caution because the plotted subgroups are not balanced with respect to confounding factors such as SOC.
Discussion
The 5T4 oncofetal antigen is a promising target for a cancer vaccine due to its surface expression, its presence on most solid tumors, and its apparent role in disease progression. Results from phase I and II clinical studies of MVA-5T4 in renal, colorectal, and prostate cancer patients were encouraging and showed that immune responses were induced in almost all treated patients, and associations between 5T4-specific cellular or humoral responses and clinical benefit were reported in seven of nine studies (8) (9) (10) (11) (12) (13) (14) (15) (16) . In particular, studies in RCC and colorectal cancer patients have detected an association between 5T4-specific (but not MVA) antibody responses and enhanced survival (9, 12, 16) .
However, in this phase III study, the addition of MVA-5T4 to first-line SOC did not prolong survival of patients with metastatic RCC compared with placebo. Likewise, there was no statistically significant difference in progression-free survival at 26 weeks or objective response rates between MVA-5T4 and placebo groups. Treatment arms were shown to be well balanced for MSKCC grade and performance status. However, exploratory analyses showed small imbalances in several prognostic factors that favored the placebo arm, but these were not sufficient to have caused the failure of the study.
Unlike cytotoxic chemotherapy, the therapeutic effects of a cancer vaccine depend on multiple complex physiologic steps before the delivery of any clinical benefit. Therefore, it may take months before any changes in markers of clinical efficacy are seen. Indeed, several studies with immunotherapy agents have reported that evidence of clinical benefit was not seen until ≥9 months following treatment initiation (18, 19) . In this study, treatment with MVA-5T4 was terminated due to futility when patients had a median time on study of 6 months. It is possible that this was insufficient time to see a positive impact on patient survival, especially as so few patients received the full regimen of vaccinations.
Despite not meeting the primary end point, it is important that the phase III data are subject to extensive exploratory analyses in case, for some reason, an efficacy signal is present but not immediately apparent. The results of such analyses can be used to aid design of future clinical trials of MVA-5T4. Thus far, our exploratory analyses have focused on (a) the identification of patient subgroups showing treatment benefit, (b) the effects of baseline hematologic factors on survival, and (c) the effects of antibody response on survival.
(a) Although this study was not powered to detect survival differences in patient subgroups, it was interesting to note that patients with a good prognosis and treated with MVA-5T4 plus IL-2 showed a significant survival advantage compared with good-prognosis patients treated with placebo plus IL-2. Previous data from phase II studies in RCC patients treated with MVA-5T4 and IL-2 also showed encouraging signs of clinical benefit (13, 16) . Currently, it is unclear why a survival advantage in patients with an intermediate prognosis treated with MVA-5T4 plus IL-2 was not seen. However, it was noteworthy that patients with an intermediate prognosis had a significantly elevated incidence of thrombocytosis compared with patients with a good prognosis (39% versus 8%, respectively). Furthermore, the incidence of thrombocytosis was much higher in intermediate-prognosis patients treated with IL-2 (50%) compared with those treated with IFN-α (38%) or sunitinib (29%). Patients who have thrombocytosis and are classified as having intermediate prognosis may have particularly aggressive disease and therefore insufficient time to benefit from an immunotherapy before their performance status deteriorates substantially. (b) Our exploratory analyses suggested that survival of MVA-5T4-treated patients was prolonged within the subgroup of patients who had normal pretreatment levels of platelets, monocytes, and hemoglobin. (c) It was encouraging to note that data from this large phase III study confirmed the association between 5T4 (but not MVA) antibody responses and enhanced patient survival already seen in phase II. This type of analysis is open to criticism because patients who mount high 5T4 antibody responses could simply be healthier patients. However, if improved survival was a function of the general health status and immune competence of a patient, it is likely that the antibody response to both 5T4 and MVA would show an association with survival; this was not the case. Furthermore, no evidence has thus far emerged from this study to suggest that patients with a better prognosis (MSKCC score of 0) mounted stronger 5T4-specific antibody responses. Of course, it is not possible to draw definitive conclusions from unplanned exploratory analyses. At best, they can provide insights that can be used in the planning and analysis of future studies. To this end, our exploratory analyses are continuing and will be reported in due course.
It is well known that cancer vaccines have an indirect mode of action, relying on activation and interaction of various elements of the immune system to achieve therapeutic efficacy. This indirect mode of action means that defining the "right patient" and identifying a predictor of treatment benefit is likely to prove challenging. It is not only expression of the target tumor antigen that determines treatment suitability but also the responsiveness of the patients' immune system as a whole and the status of the tumor microenvironment. Given these facts, it is perhaps not surprising that it will take months before treatment benefit is detectable and that hematologic factors affect the generation of robust immune responses. For these reasons, future clinical studies of MVA-5T4 will target patients with good performance status and minimize the recruitment of patients with abnormal levels of various hematology factors.
In conclusion, this study showed that MVA-5T4 was safe and well tolerated when administered in combination with IL-2, IFN-α, or sunitinib. However, the study failed to meet its primary end point of an increase in survival. Fig. 4 . Cox proportional hazard model of (A) all patients who had data available for the variables included in the model (n = 699 patients) and (B) patients with normal levels of platelets, monocytes, and hemoglobin (n = 372 patients) plotted by treatment arm (solid line, MVA-5T4; dotted line, placebo). Exploratory analyses have suggested subgroups of patients for whom MVA-5T4 may be of benefit. These intimations of efficacy need to be tested prospectively in future studies.
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